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The non-Markovia dynamics of quantum evolution plays an important role in open quantum
sytem. However, how to quantify non-Markovian behavior and what can be obtained from non-
Markovianity are still open questions, especially in complex solid systems. Here we address the
problem of quantifying non-Markovianity with entanglement in a genuine noisy solid state system
at room temperature. We observed the non-Markovianity of quantum evolution with entanglement.
By prolonging entanglement with dynamical decoupling, we can reveal the non-Markovianity usually
concealed in the environment and obtain detailed environment information. This method is expected
to be useful in quantum metrology and quantum information science.
Open quantum systems are always exposed to an exter-
nal environment, which result in interacting and exchang-
ing information between quantum systems and their sur-
roundings. The dynamics of real open quantum systems
are often expected to deviate from the idealized Marko-
vian process of losing information to their surrounding
environment and to exhibit non-Markovian behaviour
with information flowing back to the quantum system
from the environment [1]. Non-Markovian dynamics is
responsible for a wide variety of interesting systems in-
cluding quantum optics [1], solid systems [2–4], and even
some problems in quantum chemistry [5] and biology sys-
tems [6]. In recent years, more and more attentions have
been paid to non-Markovian processes in theory [7–16],
with some experimental characterization on quantum op-
tics [17–19]. Due to the ability of regaining lost informa-
tion and recovering coherence, the Markovian dynamics
also show important application prospects in quantum
metrology [15] and quantum key distribution [16].
In order to clearly distinguish the regimes of Markovian
and non-Markovian quantum evolutions and to quantify
memory effects in the open system dynamics, the mea-
sure for the degree of quantum non-Markovianity has
been introduced [8]. Several methods based on semi-
group, divisibility or flow back of information, and quan-
tum mutual information for the measurement of non-
Markovianity have been developed recently [9–11, 13].
And some experiments have been done in quantum op-
tics systems according to these methods through chang-
ing the mimic external environment with the knowledge
of model of environment [17–19]. Under the situation
of the absent of an accurate microscopic model of the
system-bath interaction, which may actually be unfea-
sible especially in many body systems, and in order to
avoid the definition of an optimization problem [9], en-
tanglement was introduced to measure deviations from
Markovianity [10]. However, in real quantum systems,
especially in solids, entanglement are fragile and influ-
enced by decoherence due to the inhomogeneous noise in
the surrounding environment, so the non-Markovianity
is usually concealed in the Markovian behavior and has
not been observed yet with entanglement. Nowadays dy-
namical decoupling [20, 21] has been used to suppress the
inhomogeneous noise and prolong the entanglement co-
herence time in realistic solid systems [22], from which we
could observe and study the degree of non-Markovianity
of the quantum system evolution.
In recent years, Nitrogen Vacancy (NV) center sys-
tem in diamond has attracted more and more attentions
due to its promising potential in quantum metrology [23–
25] and quantum information processing [26, 27] at room
temperature. As the open quantum system in solids, it is
interesting itself to gain a clear knowledge of its quantum
dynamical evolution and it is also very important to know
the quantum dynamical properties of NV center quantum
system for its application in quantum control and quan-
tum metrology. Here in this letter, we present an ex-
perimental study of non-Markovianity in diamond solid
system. With the entanglement of single electron spin of
NV center in diamond and its nearby ancillary nuclear
spin, we have seen the concurrence revival of these two
qubits entanglement which reveals the non-Markovianity
of the NV center quantum evolution. By applying dy-
namical decoupling pulses on the single electron spin, we
observed the non-Markovianity and obtained more de-
tailed information of the environment memory effect in-
fluencing the quantum non-Markovianity.
In the experiment, a single NV center coupled to a first
shell 13C nuclei in diamond is chosen to study the non-
Markovianity of quantum evolution. The diagram of the
system is shown in fig. 1(a). The direction of the external
magnetic field to adjusted to be along the symmetry axis,
and the Hamiltonian of the NV center electron spin with
a 13C nuclear spin can be described as:
H = γeBzSz +DS
2
z + SˆA˜Iˆ + γcBzIz. (1)
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2The zero-field splitting with D = 2.87 GHz, the Zeeman
term with γe = 2.802 MHz/Gauss of the electron spin
and γc = 1.071 KHz/Gauss of the
13C nuclear spin and
the hyperfine coupling tensor A˜ determine the energy
level structure shown in Fig. 1(b). The detailed hyper-
fine coupling tensor A˜ can be found in reference [28]. The
hyperfine coupling term between the NV center electron
spin and the intrinsic Nitrogen nuclear spin is not shown
here. During the experimental process, we mainly con-
sider the entanglement of the electron spin and nuclear
spin in the subspace of Ms = 0 and Ms = 1 of the elec-
tron spin which is shown in Fig. 1(b) by orange lines.
In type IIa diamond, the environment of the NV center
is mainly the surrounding 13C nuclear spin bath, which
brings about the loss of NV center’s quantum coherence
[29]. As the direct dipole-dipole coupling between two
nuclear spins is weak, a 13C nuclear spin on the first shell
of the NV center can be adopted as an ancilla qubit for
the NV electron spin to form the two-qubit system of in-
terest depicted in Fig. 1(b), with state |MS = 0,MI = 1〉
denoted as |01〉 and alike.
NV-
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FIG. 1. Experimental system. (a) schematic of the studied
quantum system composing of a NV center and nearby 13C
nuclei in spin bath. (b) energy level scheme of the system.
The four states used here are from the subspace containing
Ms = 0 and Ms = 1 states (labeled |00〉, |01〉, |10〉 and |11〉).
MW1 to MW4 stand for the the transitions between electron
spins, and RF1 and RF2 represent the transitions of nuclear
spin. (c) and (d) are the electron and nuclear spin Rabi nu-
tations, respectively. (e) and (f) are the free induction decays
of electron and nuclear spins, respectively.
All measurements were carried out under ambient con-
ditions on a type IIa bulk diamond sample, in which
13C has the natural abundance(1.1%) and the nitrogen
impurity concentration is less than 5 ppb. Single NV
center was addressed by a home-built confocal micro-
scope. The microwave fields used to control the elec-
tron spin were generated from Apsin 6000 Signal Gener-
ators passed through a switch (Mini-Circuits ZASWA-2-
50R+) and a 16W power amplifier. The radio-frequency
fields for the excitation of nuclear spin were generated
by a direct digital synthesis and went through a switch
and a phase shifter (carefully tuned at 90o), and am-
plified (Mini-Circuits ZHL-20W-13+) before combining
with microwave signals. The combined signals through a
diplexer were transmitted to the the NV center through
a coplanar waveguide beneath the diamond. Three pairs
of adjustable Helmholtz coils were used to generate a
60 Gauss magnetic field to remove the degeneracy of
Ms = ±1 state. In the experiment, the length of initial-
ization laser pulse is 3 µs and the waiting time following
the laser is 5 µs. The photoluminescence is measured
during an integration time of 0.35 µs. To suppress the
photon statistic error, each measurement is typically re-
peated more than 106 times.
Fig. 1 shows the basic control abilities and coherent
properties of the system. The resonance frequency of the
nuclear spin in the electron spin Ms = 1 subspace can be
obtained from electron nuclear double resonance spec-
trum. The experimental data is not shown here. From
the sequences of free induced decay, which is depicted at
the low right corner of Fig. 1(e) and Fig. 1(f), we find
the coherence time of NV center is T ∗2e = 0.75 µs and
the coherence time of the nuclear spin in the electron
spin Ms = 1 subspace is T
∗
2n = 56 µs. The short co-
herence time of nuclear spin is caused by the interaction
with the surrounding nuclear spins mediated by the NV
center electron spin.
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FIG. 2. Initialization, dynamical decoupling and measure-
ment of the system. To initialize the system into the maxi-
mum entangled state 1√
2
(|00〉 − |11〉), firstly, the electron spin
of NV center is transfer to Ms = |0〉 state by a laser pulse last-
ing 3 µs, then the system is transfer into |00〉 state by a pulse
sequence of 8 times of cycling followed by a MW2 pi pulse,
and finally the combination of two pi MW4 pulse with one
pi/2 RF1 pulse in between completes the preparation of the
preparation of the entangled state. Periodic pulsed dynami-
cal decoupling sequence is then exerted to the electron spin
through MW3 and MW4 simultaneously. Measurement of the
system is done by quantum tomography.
3FIG. 3. Results of quantum state tomography. (a) and (b) are
the real and imaginary parts, respectively, of the initial state
density matrix. The main off-diagonal elements |00〉〈11| and
|11〉〈00| clearly show that the state is φ− = 1√
2
(|00〉 − |11〉).
The fidelity is obtained as 0.88.
The main experimental process is described in Fig. 2.
At the beginning, we use cascaded MW, RF and laser
pulses to polarize the population to |00〉 state. This pro-
cess is mainly through the polarization transfer from the
electron spin to the nuclear spin. The sequence is re-
peated 8 times and the degree of polarization is about
0.8. Then we apply another MW2 pi pulse to transfer the
rest population on |01〉 state to the Ms = −1 subspace,
so it is the pure state in the subspace of interest. Then
we use the combined Microwave pulses to generate one
of the Bell states 1√
2
(|00〉 − |11〉). Through a period of
free evolution or with pulsed dynamical decoupling dur-
ing evolution, the final state is readout by quantum sate
tomography technique. All the density matrix elements
are transferred to the Ms = |0〉 state of the electron spin
of the NV center and readout by the fluorescence.
During the experiment of entangle state preparation,
the pi/2 pulse was exerted to the nuclear spin to min-
imize the decoherence influence from the NV center.
When doing the quantum state tomography, the tran-
sition between |11〉 and |10〉 is defined as the working
transition, for example, when measuring the density ma-
trix element |11〉〈10|, we do the Rabi nutation with two
90o phase shifted radio frequency pulses. Other elements
can be measured by transferring the corresponding nu-
tations to the working transition. The population and
coherence can be calculated from the rotation curves.
Fig. 3 shows the real and imaginary part of the ini-
tial state density matrix. The fidelity is estimated by
the equation F = tr(σρ), here ρ is our initial state
density matrix and σ is the ideally expected one, the
result we get is 0.88, while the concurrence is about
0.67. Here, the concurrence is calculated by the formula
C(ρ) = max{0, λ1−λ2−λ3−λ4} [30], where the λi s are
the square roots of the eigenvalues of ρρ˜ in descending
order. Here, ρ˜ = (σy ⊗ σy)ρ∗(σy ⊗ σy), where σy is the
standard Pauli matrix.
In Fig. 4, we study the non-Markovianity of the quan-
tum evolution with entanglement. From the simple way
to quantify the degree of non-Markovianity of quantum
evolution introduced in paper[10],the non-Markovianity
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FIG. 4. Measured concurrence of entanglement evolution.
(a) the concurrence of entanglement of free induced decay
of the entanglement evolution, which is estimated from the
off-diagonal terms of the density matrix. (b) the concurrence
of the entanglement evolution under PDD2 on the electron
spin state of NV center, which is calculated from the whole
quantum state tomography. The blue dots are experimental
data, with the error bars being estimated via Monte Carlo
method. The red line is simulation by utilizing cluster corre-
lation expansion [33] for the sample with natural abundance
of 13C.
within a selected interval [t0, tmax] can be given by:
I(E) =
∫ tmax
t0
∣∣∣∣dE[ρ(t)]dt
∣∣∣∣ dt−∆E. (2)
Here, ∆E = E[ρ(t0) − ρ(tmax)] and E denotes some en-
tanglement measure. In this paper, E means the entan-
glement concurrence. From the simple formula, we can
see that the non-Markovianity could be gained through
the height of the entanglement concurrence revival. We
first observed the free evolution of the entangled state in
Fig. 4(a), from which we could clearly see the concur-
rence oscillation during the evolution. This is attributed
to the strong coupling between the NV center and N nu-
clear spin which obviously deviate the Markovian pro-
cess assumption. The decay is mainly caused by the
thermal noise of the surrounding 13C nuclear spin bath.
In Fig. 4(a), the initial concurrence less than a perfect
Bell state is mainly caused by the imperfection of the
entanglement preparation pulses. We can see the sim-
ulation results match the experimental results by con-
sidering these errors. From the non-Markovianity of the
free entanglement evolution we could get the coupling
strength of N nuclear spin with the quantum system and
the thermal noise strength of the nuclear spin bath. By
using dynamical decoupling methods, this noise could be
suppressed and the entanglement would be prolonged.
Fig. 4(b) shows the experimental results of entanglement
evolution under PDD2 sequences working only on the
NV’s electronic spin qubit through MW3 and MW4 si-
4multaneously. The entanglement is obviously prolonged
and the concurrence of entanglement firstly decays to
zero, remains zero and then suddenly revives. The hori-
zon time axis is the total entanglement evolution time.
This revival is caused by the environmental nuclear spins
collective evolution due to the very weak coupling be-
tween nuclear spins in the environment, the nuclear spin
bath evolution is mainly influenced by the NV center
state and the external static magnetic field. By using
the PDD2 pulse on NV center, the coupling of the envi-
ronmental nuclear spin with the NV center is suppressed.
Then the nuclear spin bath evolution is mainly subject to
the external magnetic field, which induces the collective
evolution of the nuclear spin bath. So the entanglement
will be recovered when the nuclear spins simultaneously
evolve to their initial states. However, the concurrence
of the entanglement did not reach its initial value. One
reason is the remaining decoherence of the electron spin
under PDD2 caused by the nuclear spin-spin interaction
within the environment, which can lead to incomplete
recovery of the environmental nuclear spins to their col-
lective initial state; and another reason is due to the lim-
ited ancillary nuclear spin coherence time. Here, it is
mainly caused by the latter, as usually the nuclear spin-
spin interaction is too weak to take effect in the consid-
ering time scale[31]. The ancillary nuclear spin interacts
with the environment mediated by the NV center that
induced the main decay. By excluding this reason, the
non-Markovianity in Fig. 4(b) mainly reflect the interac-
tion strength inside the nuclear spin bath which concern
with the bath memory time. Comparisons of Fig. 4(a)
with Fig. 4(b) shows that the more non-Markovianity is
revealed by dynamical decoupling, which is helpful to un-
derstanding the detail origin of non-Markovianity. This
method is expected to be used in quantum control and
quantum metrology in non-Markovian environment[15].
In summary, we have studied the non-Markovian char-
acteristics of quantum evolution in diamond experimen-
tally by using the entanglement method. We find differ-
ent non-Markovianity of the entanglement evolutions and
provide corresponding explanations. By using the dy-
namical decoupling, more non-Markovianity is revealed
that otherwise is hiding in the environment. From such
an experimental non-Markovianity study, we can obtain
much more detail interaction information of the environ-
ment with the NV center in the diamond. This will be
helpful for making non-Markovianity as a resource for
quantum technology applications and also would be ex-
pected useful in other open quantum systems like trans-
port processes in biological aggregates and complex nano-
structures[32].
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